Abstract-Electrolytic capacitors are often used for energy buffering applications, including buffering between single-phase ac and dc. While these capacitors have high energy density compared to film and ceramic capacitors, their life is limited and their reliability is a major concern. This paper presents a stacked switched capacitor (SSC) energy buffer architecture and some of its topological embodiments which overcome this limitation while achieving comparable effective energy density without electrolytic capacitors. The architectural approach is introduced along with design and control techniques. A prototype SSC energy buffer using film capacitors, designed for a 320 V dc bus and able to support a 135 W load has been built and tested with a power factor correction circuit. It demonstrates the effectiveness of the approach.
I. INTRODUCTION
Power conversion systems that interface between dc and single-phase ac need energy storage to provide buffering between the constant power desired for a dc source or load and the continuously-varying power desired for a single-phase ac system, as illustrated in Fig. 1 . Applications for such buffering include power supplies, solar photovoltaic inverters, electric vehicle chargers and grid-connected light emitting diode (LED) drivers. Assuming unity power factor, the power from or to the single-phase ac system, P ac (t), varies sinusoidally at twice-line frequency (120 Hz in the US) between zero and twice its average value, P avg , with average ac system power equaling the dc system power, P dc : P ac (t) = P dc (1 − cos(2ω line t)).
(
Here ω line is the line's angular frequency (2π × 60 rad/s for the US). The difference in instantaneous power between source and load must be absorbed or delivered by the energy buffer:
P b (t) = P dc − P ac (t) = P dc cos(2ω line t).
The peak energy that needs to be buffered, E b , is the total energy delivered to (or extracted from) the buffer during a half-line cycle and given by:
Since the peak buffered energy depends only on the dc system power and the line frequency, the volume of the energy buffer cannot be reduced simply by increasing the switching frequency of a power electronic converter interfacing the single-phase ac and dc systems. Today, electrolytic capacitors are generally used to provide high-density energy storage for buffering. However, it is widely appreciated that despite providing the best available energy density, electrolytic capacitors represent a significant source of system lifetime and reliability problems. On the other hand, film capacitors have much higher reliability and lifetime, but considerably lower peak energy density. Hence, the development of energy buffering architectures that eliminate electrolytic capacitors while maintaining high energy storage density and high efficiency is important for future grid interface systems that have small size and high reliability.
While electrolytic capacitors provide much higher peak energy density than film capacitors (by an order of magnitude), electrolytic capacitors can only be operated over a narrow charge/discharge range (corresponding to a small voltage ripple) at 120 Hz for thermal and efficiency reasons. These considerations directly limit the energy buffering capability of electrolytic capacitors at 120 Hz. Thus, while peak energy densities of up to 0.8 J/cm 3 can typically be achieved with commercially available electrolytic capacitors at the voltage and power levels we consider, the allowable energy swing at 120 Hz yields practical energy densities that are significantly lower [1] . Film capacitors typically have peak energy densities of only about 0.1 J/cm 3 . Therefore, if electrolytic capacitors are simply replaced by film capacitors (with similar voltage swing constraints), the passive volume would roughly increase by an order of magnitude, which is usually unacceptable. However, film capacitors have considerably lower series resistance compared to electrolytic capacitors which allows them to be efficiently charged and discharged over a much wider energy range. Using a large fraction of the capacitor's stored energy results in large voltage swings, which is also unacceptable in most applications. Therefore, if electrolytic capacitors are to be replaced by film capacitors while maintaining high energy density, this wide variation in capacitor voltage must somehow be curtailed. This paper presents a new switched capacitor based energy buffer architecture that restricts the apparent voltage ripple while utilizing a large fraction of the energy in the capacitors, and successfully replaces electrolytic capacitors with film capacitors to achieve longer lifetimes while maintaining small volume. The remainder of this paper is organized as follows: Section II describes the past work on film-capacitor-based energy buffers and switched-capacitor-based energy storage architectures. Section III details the fundamental principles of the proposed stacked switched capacitor (SSC) energy buffer architecture. A specific topological implementation of this architecture and its extensions are described in section IV. This section also provides design guidelines for selecting an appropriate topology for a particular application. Section V describes the design and implementation of a prototype SSC energy buffer. The experimental results from this prototype are discussed and compared with simulation in section VI. Finally, section VII summarizes the conclusions of the paper and identifies directions for future work.
II. PAST WORK
In past efforts, bidirectional dc-dc converters have been employed to effectively utilize film capacitors while maintaining a desired narrow-range bus voltage [2] , [3] . While this approach is flexible in terms of it use, it unfortunately leads to low buffering efficiency if high power density is to be maintained, due to losses in the dc-dc converter. Other systems have incorporated the required energy buffering as part of the operation of the grid interface power stage [4] - [7] . This can offset a portion of the buffering loss associated with introduction of a complete additional power conversion stage, This circuit can constrain bus voltage to within 33.3% of nominal value while providing energy buffering capability of 93.75% of total peak energy-storage capability of the capacitors.
but still introduces high-frequency loss and is quite restrictive in terms of operation and application. An alternative approach relies on switched capacitor circuits. Switched capacitor circuits that reconfigure capacitors between parallel and series combinations have been used to improve the energy utilization of ultra-capacitors [8] - [10] . A simple version of this parallel-series switched capacitor circuit is shown in Fig. 2 . While this circuit has a high energy buffering ratio 1 of 93.75%, it suffers from a large voltage ripple ratio 2 of 33.3%. More complex parallel-series switched capacitor circuits which achieve better voltage ripple ratio have also been developed [10] . However, they suffer from high circuit complexity when high energy utilization and small voltage ripple are required. For example, the circuit with the best performance in [10] (the 8-6-5-4-3 parallel-series switched capacitor circuit) has energy utilization of 92.09% and a voltage ripple ratio of 14.3%. However, it needs 41 switches and 120 capacitors. This makes it overly complicated for practical use.
III. STACKED SWITCHED CAPACITOR (SSC) ENERGY
BUFFER ARCHITECTURE Figure 3 shows the general architecture of the proposed stacked switched capacitor (SSC) energy buffer. It is composed of two series connected blocks of switches and capacitors. The capacitors are of a type that can be efficiently charged and discharged over a wide voltage range (e.g., film capacitors). The switches enable dynamic reconfiguration of both the interconnection among the capacitors and their connection to the buffer port (V bus ). The SSC energy buffer works on the principle that its individual buffer capacitors absorb and deliver energy without tightly constraining their individual terminal 1 Energy buffering ratio (Γ b ) is defined as the ratio of the energy that can be injected and extracted from an energy buffer in one cycle to the total energy capacity of the buffer, i.e.,
, where Emax and E min are the maximum and minimum values of energy stored in the energy buffer during normal operation, and E rated is the total energy capacity of the energy buffer. 2 Voltage ripple ratio (Rv) is defined as the ratio of the peak voltage ripple amplitude to the nominal (or average) value of the voltage, i.e., Rv = Vmax−V min 2Vnom
, where Vmax, V min and Vnom are the maximum, minimum and nominal values of the voltage, respectively [11] . voltages, but maintain a narrow range voltage at the buffer port. The switching network is operated such that the voltage seen at the buffer port varies only over a small range as the capacitors charge and discharge over a wide range to buffer energy. This enables high effective energy density through maximum utilization of the capacitor energy storage capability.
Efficiency of the SSC energy buffer can be extremely high because the switching network need operate at only very low (line-scale) switching frequencies, and the system can take advantage of soft charging of the energy storage capacitors to reduce loss [12] . Moreover, the proposed buffer architecture exhibits losses that scale with the amount of energy that must be buffered, such that high efficiency can be achieved across the full operating range.
IV. SSC ENERGY BUFFER TOPOLOGIES
There are multiple embodiments of the proposed stacked switched capacitor (SSC) energy buffer [1] . In this paper we present one embodiment and its extensions. Figure 4 shows an example embodiment of the stacked switched capacitor energy buffer: the 2-6 bipolar SSC energy buffer. This topology has two backbone capacitors, C 11 and C 12 ; six supporting capacitors, C 21 , C 22 , C 23 , C 24 , C 25 , and C 26 ; and twelve switches, S 11 , S 12 , S 21 , S 22 , S 23 , S 24 , S 25 , S 26 , S h1 , S h2 , S h3 , and S h4 . This circuit can keep the bus voltage ripple within 10% of nominal value when designed and operated in the manner described below.
A. 2-6 Bipolar SSC Energy Buffer
The eight capacitors are chosen to have identical capacitance, but different voltage ratings. The two backbone capacitors, C 11 and C 12 , have voltage rating of 1.6V nom , where V nom is the nominal value of the bus voltage (V bus ). The voltage rating of the six supporting capacitors is as follows: 0.6V nom for C 21 , 0.5V nom for C 22 , 0.4V nom for C 23 , 0.3V nom for C 24 , 0.2V nom for C 25 and 0.1V nom for C 26 . A precharge circuit (not shown in Fig. 4 , but discussed in section V-B) ensures that the following initial voltages are placed on the eight capacitors: 0.4V nom on C 11 , 0.4V nom on C 12 , 0.5V nom on C 21 , 0.4V nom on C 22 , 0.3V nom on C 23 , 0.2V nom on C 24 , 0.1V nom on C 25 , and 0V on C 26 . Figure 5 shows the switch states, the capacitor voltages and the resulting bus voltage for the 2-6 bipolar SSC energy buffer over a complete charge and discharge cycle. When the energy buffer starts charging up from its minimum state of charge, S h1 , S h4 , S 21 and S 11 are turned on with all the other switches turned off. In this state, C 11 and C 21 are connected in series and charged until the bus voltage rises from 0.9V nom to 1.1V nom . At this instant the voltage of C 21 (V 21 ) reaches 0.6V nom and the voltage of C 11 (V 11 ) reaches 0.5V nom . Then S 21 is turned off and S 22 is turned on; and the bus voltage drops back down to 0.9V nom . Then as the charging continues, the voltage of C 22 rises to 0.5V nom and the voltage of C 11 reaches 0.6V nom and the bus voltage again reaches 1.1V nom . Next S 22 is turned off, S 23 is turned on and C 23 is charged. This process is repeated until C 26 is charged. At this stage all the supporting capacitors are at their maximum voltage; the voltage of the backbone capacitors is: V nom on C 11 and 0.4V nom on C 12 ; and the bus voltage is 1.1V nom . Next S h1 and S h4 are turned off, and S h3 and S h2 are turned on. This connects C 26 , and the other supporting capacitors, in reverse orientation with C 11 and the bus voltage again drops to 0.9V nom . Now C 11 can continue to charge up through the now reverse-connected supporting capacitors through a process similar to the one described above, except that the supporting capacitors are discharged in reverse order, i.e., first through C 26 , then through C 25 , and so on until finally through C 21 . At this stage C 11 is fully charged to 1.6V nom and charging of C 12 must begin. For this the h-bridge switches are again toggled (i.e., S h3 and S h2 are turned off, and S h1 and S h4 are turned on), S 11 is turned off and S 12 is turned on. The charging process for C 12 is identical to the charging process for C 11 , as shown in Fig. 5 . During the discharge period, the capacitors C 11 and C 12 are discharged one at a time through a process that is the reverse of the charging process. Hence, the voltage waveforms during the discharge period are a mirror of those in the charging period.
Throughout the charging and discharging period of this energy buffer, the bus voltage stays within the range 0.9V nom -1.1V nom . Hence, the 2-6 bipolar SSC energy buffer operating in this manner has a bus voltage ripple ratio (R v ) of 10%. Furthermore, it has an energy buffering ratio (Γ b ) of 79.6%.
B. n-m Bipolar SSC Energy Buffer
The capacitors that buffer most of the energy in the circuit of Fig. 4 are the backbone capacitors C 11 and C 12 . Therefore, by adding additional backbone capacitors in parallel with C 11 and C 12 the energy buffer could potentially achieve better buffering performance. The number of supporting capacitors can also be changed. To evaluate the impact of the number of backbone and supporting capacitors on the performance of the energy buffer, the topology of Fig. 4 is extended by incorporating n backbone capacitors and m supporting capacitors, as shown in Fig. 6 . The energy buffering ratio for this n-m bipolar SSC energy buffer (with n backbone capacitors of equal value C 1 and m supportive capacitors of equal value C 2 ) is given by: Fig. 4 : An example embodiment of the SSC energy buffer architecture: the 2-6 bipolar SSC energy buffer. This circuit has two backbone capacitors C 11 and C 12 and six supporting capacitors C 21 to C 26 and twelve switches. Precharge and control circuits are not shown. Figure 7 shows the variation in energy buffering ratio, Γ b , (with C 1 equal to C 2 ) as a function of the number of backbone capacitors n and the number of supporting capacitors m for three different values of voltage ripple ratio R v . These plots indicate that there is an optimal number of supporting capacitors that should be used for a given number of backbone capacitors in order to maximize the energy buffering ratio. Note that this optimal number of supporting capacitors depends on the value of allowed voltage ripple ratio.
These plots can be used to select the optimal number of backbone and supporting capacitors to maximize the energy buffering ratio for a given bus voltage ripple ratio. If a larger voltage ripple ratio is allowed, a high energy buffering ratio can be achieved with fewer backbone and supporting capacitors. For a fixed number of backbone capacitors, a lower voltage ripple ratio requires a larger number of supporting capacitors if maximum energy buffering is to be achieved. However, increasing the number of supporting capacitors also increases the complexity of the circuit and the switching frequency of the switches associated with the supporting capacitors (S 21 -S 2m ).
For an R v of 10% with 2 backbone capacitors, the optimal number of supporting capacitors is 6 (see Fig. 7(b) ); hence our choice of the 2-6 bipolar SSC energy buffer discussed earlier to meet the 10% voltage ripple requirement. Note that for an R v of 10%, with 8 backbone and 8 supporting capacitors, an energy buffering ratio of 91.6% can be achieved. Hence, the SSE energy buffer achieves performance similar to the 8-6-5-4-3 parallel-series switched capacitor circuit of [10] with only 16 capacitors and 20 switches instead of 120 capacitors and 41 switches.
V. PROTOTYPE DESIGN
To validate the proposed concept we have designed and built a prototype of the 2-6 bipolar SSC energy buffer, similar to the one described in Section IV-A and shown in Fig. 4 . The prototype is designed as the energy buffer for a power factor correction (PFC) front-end of a two-stage single-phase ac to dc power converter as shown in Fig. 8 . The SSC energy buffer replaces the electrolytic capacitor normally connected at the output of the PFC. To simplify our implementation, a load resistor is used in place of the second-stage dc-dc converter. The SSC energy buffer is designed to meet a 10% bus voltage ripple ratio requirement on a 320 V dc bus with a maximum load of 135 W, as listed in Table I .
The PFC used for this prototype is a 400 W evaluation board from STMicroelectronics that uses their transition-mode PFC controller (L6562A). This controller operates the boost PFC at the boundary between continuous and discontinuous conduction mode by adjusting the switching frequency. The evaluation board has a 330 µF electrolytic capacitor at the output of the PFC, and according to the PFC datasheet can maintain a voltage ripple ratio of 2.5%, while supplying a 400 W load at a bus voltage of 400 V. We have experimentally verified that a 40 µF electrolytic capacitor is sufficient to support 135 W of output power with 10% voltage ripple ratio. The total volume of the 40 µF, 450 V electrolytic capacitor used for this verification is approximately 9 cm 3 .
The energy buffer that replaces this electrolytic capacitor consists of three functional blocks: the energy buffer power circuit, the precharge circuit and the control unit, as shown in Fig. 8 . In addition, the energy buffer needs to provide a feedback signal to the PFC for its proper operation. The design of each of these four elements is discussed below. 
A. Energy Buffer Power Circuit
As shown in Fig. 7(b) , to achieve a voltage ripple ratio of 10% with a two-backbone-capacitor (n=2) bipolar SSC energy buffer, the optimal number of supporting capacitors is six, (i.e., m=6). Hence in the prototype, the electrolytic capacitor is replaced by a 2-6 bipolar SSC energy buffer. To meet the 10% voltage ripple requirement at the 320 V bus voltage and the 135 W output power level, the eight capacitors of the SSC energy buffer have to be 2.2 µF each. The required voltage rating of these film capacitors is different and ranges from 32 V to 512 V as discussed in section IV. However, for simplicity and to provide adequate safety margin, 700 V film capacitors are used as the two backbone capacitors and 250 V capacitors are used as the six supporting capacitors. All the switches are implemented using silicon power MOSFETs. Switches S 11 S 12 , S 21 , S 22 , S 23 , S 24 , S 25 and S 26 are implemented with reverse voltage blocking capability.
B. Precharge Circuit
An important part of the SSC energy buffer is the precharge circuit. When the system starts, the precharge circuit draws power from the PFC to charge the individual capacitors of the energy buffer to the desired initial voltage levels. The precharge circuit designed here uses a linear regulator operated as a current source as shown in Fig. 9 . The linear regulator used is Supertex's LR8 with a maximum output current of 20 mA. The linear regulator can be disconnected from the energy buffer power circuit by two isolating switches S p1 and S p2 .
The precharge circuit is controlled by an ATMEL ATmega2560 microcontroller. The flow chart of the precharge control is shown in Fig. 10 . A scaled down version of the voltage across each capacitor is compared with a specified reference provided by the microcontroller through a digital to analog converter (DAC). The results of the comparison are fed back to the microcontroller to trigger an interrupt.
During precharge, the microcontroller turns the switches on or off appropriately to connect the current source to the capacitor that needs to be charged. The states (on or off) of the switches for charging a particular capacitor during the precharge period are shown in Table II . First S p1 , S p2 , S 21 , S h4 and S s are turned on, and all the other switches are turned off to charge C 21 . The microcontroller senses the voltage of C 21 (through the voltage divider formed by R 21 and R 22 ) and compares it with the specified precharge voltage (0.5V nom =160 V). Once the voltage of C 21 reaches 160V, S 21 is turned off and S 22 is turned on to charge C 22 to its specified precharge level. Similarly, C 23 , C 24 , C 25 and C 26 are charged one at a time to their designed initial level. Once C 26 is charged, S 26 , S h4 and S s are turned off, and S h2 and S 11 are turned on to charge C 11 . Now the microcontroller senses the voltage of C 11 (through the voltage divider formed by R 11 and R 12 ) and compares it with the specified precharge voltage (0.4V nom =128 V). Once the voltage of C 11 is larger than 128 V, S 11 is turned off and S 12 is turned on to charge C 12 . Once all the capacitors are precharged, the precharge circuit is disconnected from the SSC energy buffer by switches S p1 and S p2 , and the energy buffer enters normal operation.
C. Control
The normal operation of the energy buffer is also controlled by a state machine implemented in the ATMEL ATmega2560 microcontroller. The state machine controls the state (on or off) of the twelve switches in the SSC energy buffer power circuit. The state machine has a total of 24 states, with each state corresponding to a unique and valid combination of the states of the twelve switches, as shown in Table III .
The flow chart of the normal operation mode control logic of the energy buffer is shown in Fig. 10 . In this flow chart, s denotes the current state of the state machine. The energy buffer starts normal operation in state 1 (i.e., s=1), which corresponds to minimum energy stored in the buffer, and starts to charge up. Once the bus voltage reaches the maximum allowed voltage, 1.1V nom (352 V), the UP interrupt is triggered and the state is incremented by one (i.e., s=s+1). The microcontroller turns the appropriate power switches on or off to match the configuration for the new state. This drops the bus voltage back to 0.9V nom (288 V), and the charging of the energy buffer continues until it again reaches the upper voltage limit. This process is repeated as long as the energy buffer is being charged and it has not reached state 24. Once the energy buffer has reached state 24, the state machine stays in state 24 even if it receives additional UP interrupts. This helps protect the energy buffer to a certain extent in case load power exceeds its design specifications. During this overload condition the energy buffer looks like a 1.1 µF capacitor to the external system. The energy buffer will return to normal operation once the load power returns to the design range.
During discharge of the energy buffer, the DOWN inter- rupt is triggered when the bus voltage reaches the minimum allowed voltage, 0.9V nom (288 V). This decrements the state by one (i.e., s=s-1). The microcontroller turns the appropriate power switches on and off to match the configuration for the new state and the bus voltage increases to 1.1V nom (352 V). This process is repeated each time the bus voltage reaches the lower voltage limit until it has reached state 1. As in the case of charging, to protect the energy buffer, the state machine stays in state 1 even if it receives additional DOWN interrupts. Hence during normal operation at maximum power, the state machine will iterate through states 1 through 24 in a sequential manner, first going from 1 to 24 as it charges, and then returning from 24 to 1 as it discharges, and this process is repeated as long as the energy buffer is in normal operation.
D. Artificial Voltage Feedback
In a conventional system with an energy buffering electrolytic capacitor at the output of the PFC, the PFC uses the bus voltage (i.e., the voltage across the buffering capacitor) to control its output current. The bus voltage is scaled down by a resistive divider and fed back to the PFC control chip. Since the bus voltage is a good measure of the energy stored in the capacitor, this feedback mechanism ensures that the average output power from the PFC matches the power drawn by the dc load and the system stays stable. However, when the electrolytic capacitor is replaced with the SSC energy buffer, the bus voltage is no longer a true representation of the energy stored in the energy buffer. Hence, an artificial signal must be generated (and fed back to the PFC control chip) that represents the energy stored in the energy buffer and mimics the bus voltage of the electrolytic capacitor. In our prototype this function is performed by a second ATMEL ATmega2560 microcontroller.
In the precharge mode, the SSC energy buffer behaves simply like two capacitors connected in series. Hence, during this period, the bus voltage reflects the energy stored inside the two capacitors and so the voltage that needs to be fed back is simply a scaled version of the bus voltage.
Once the energy buffer enters normal operating mode, its stored energy increases monotonically as it goes from state 1 to state 24 and then decreases monotonically as it returns to state 1. The energy that gets stored in the energy buffer as it goes from state 1 to state 24 is given by:
where N is the total number of capacitors in the energy buffer (eight in the 2-6 bipolar SSC case), C i is the capacitance of capacitor i, V i (t) is the voltage of capacitor i at time t, and V i0 is the initial voltage of capacitor i after it is precharged. In our prototype all eight capacitors have the same capacitance C b (equal to 2.2 µF). The effective energy in the energy buffer as a function of time is given by 3 :
where C eq is an equivalent capacitance for this energy buffer valid while it is operating in normal operating mode, and is given by:
Here p(t) is the power flowing into the energy buffer, and V t1 and V t2 are the voltages at beginning (time t 1 ) and the end (time t 2 ) of the charging period, respectively. For our prototype, C eq is equal to 26.4 µF. Hence, the voltage that needs to be fed back in normal operating mode is given by: This feedback signal reflects the apparent energy stored in the energy buffer. While the expression given by Eq. 8 for the normal operating mode feedback signal can be implemented, it is simpler to implement an approximation to this expression which works just as well within the resolution of our 8-bit digital to analog converter (DAC). The approximate feedback signal is derived assuming that the feedback voltage signal is linear between two switching instances and the current flowing into or out of the energy buffer is constant (i.e., current has a square profile). This approximate feedback voltage is given by: Figure 11 shows that this approximate feedback signal matches the more accurate one quite well even when the terminal current of the energy buffer is sinusoidal. It has been experimentally demonstrated that the slower outer control loop of the PFC works well with this approximate feedback signal.
VI. EXPERIMENTAL RESULTS
The prototype 2-6 bipolar SSC energy buffer has been successfully tested with the PFC and a load resistor up to power levels of 135 W. The measured waveforms from the energy buffer operated at 100 W are shown in Fig. 12 . As the energy flows into and out of the energy buffer at 120 Hz, the backbone capacitors charge and discharge over a wide voltage range. However, this voltage variation is compensated for by the supporting capacitors and the bus voltage remains within the 300 V and 370 V range. Hence, it meets the voltage ripple ratio design requirement of 10%.
A PLECS 4 model for this energy buffer has also been built and simulated. In the simulation the terminal current of the 4 PLECS is a simulation tool for power electronic circuits. energy buffer is assumed to be sinusoidal. Comparing Fig. 12 and Fig. 13 , there is a reasonably close match between the experimental and simulated waveforms. The main difference is due to the fact that in the simulation the terminal current of the energy buffer is assumed to be perfectly sinusoidal, while in the case of the experimental setup that is not exactly the case. Figure 12(b) shows the state of the state machine. As can be seen, the state machine goes down to state 4 and up to state 24. The state machine does not go into states 1, 2 and 3 in its normal operating mode as the load power is not large enough to discharge it down to its minimum stored energy level. The circuit behaves as designed, and validates the concept of the stacked switched capacitor energy buffer. The round trip efficiency of the prototype 2-6 bipolar SSC energy buffer was measured for the 80 W to 123 W load power range. This efficiency stays above 94.4% throughout this power range. The peak measured efficiency is 95.5%. The measured efficiency does not include losses in the control and gate drive circuit as these parts were not designed for high efficiency. The control and gate drive losses can be minimized by appropriately designing these parts of the energy buffer.
The prototype energy buffer successfully replaces the function of the electrolytic capacitor at the output of the PFC. Its passive volume of 20 cm 3 , which is much smaller than the 65 cm 3 needed for a film-capacitor-only solution, is only about twice the size of the 9 cm 3 electrolytic capacitor it replaces, as shown in Fig. 14 . Hence, the SSC energy buffer achieves energy buffering density comparable to an electrolytic capacitor while providing much longer life.
VII. CONCLUSIONS AND FUTURE WORK
This paper introduces a stacked switched capacitor (SSC) architecture for dc-link energy buffering applications, including buffering between single-phase ac and dc. This architecture utilizes the energy storage capability of capacitors more effectively than previous designs, while maintaining the bus voltage within a narrow range. This enables the energy buffer to achieve higher effective energy density and reduce the volume of the capacitors. A prototype 2-6 bipolar SSC energy buffer using film capacitors designed for a 320 V bus with 10% voltage ripple and able to support a 135 W load has been built and tested. It is shown that the SSC energy buffer can successfully replace limited-life electrolytic capacitors with much longer life film capacitors, while maintaining volume and efficiency at a comparable level.
As future work it would be valuable to evaluate the use of ceramic capacitors, in place of film capacitors, as the supporting capacitors in the SSC architecture. Also there are other implementations of the stacked switched capacitor energy buffer architecture. Some of these can also be explored in the future.
